Amplification of Her-2/neu in breast carcinoma is associated with poor prognosis, short disease-free interval, and short survival time in both nodenegative and -positive patients. Little is known about the starting point of amplification of Her-2/ neu and how it progresses from benign to malignant breast lesions. We attempted to address these questions by evaluating amplification of Her-2/neu in benign, premalignant, and malignant lesions using fluorescence in situ hybridization (FISH). Twentysix patients with Her-2/neu-overexpressing invasive ductal carcinomas (as judged by strong immunoreactivity with Her-2/neu antibody) and coexisting lesions of ductal hyperplasia (DH), atypical ductal hyperplasia (ADH), ductal carcinoma in situ (DCIS) in the vicinity of the invasive tumor (as judged by review of the hematoxylin and eosin-stained sections), as well as metastatic carcinoma in axillary lymph nodes (mets) were selected for this study. In the primary carcinomas, a close relationship was present between overexpression as detected by immunohistochemistry (IHC) and amplification as demonstrated by FISH (85% concordance). Among these patients, amplification of Her-2/neu in ADH was demonstrated in 7 of 13 cases with ADH, and in DCIS, in 21 of 22 cases with DCIS. There was no amplification in DH or normal ductal epithelium. Significantly, in all 12 patients with synchronous positive axillary lymph nodes, there was concordant amplification of Her-2/neu in the primary and metastatic carcinoma. Amplification was consistent in multifocal metastases, despite morphological heterogeneity in some patients. Amplification ratios increased from ADH to DCIS to invasive carcinoma (P < .01, ADH versus DCIS; P < .05, DCIS versus invasive cancer), but there was no difference in amplification ratios between primary cancers and synchronous axillary metastases (P > .05). We also evaluated Her-2/neu amplification in 21 patients without Her-2/neu overexpression in their primary carcinomas (as judged by absent immunoreactivity with Her-2/neu antibody). Three showed amplification in both primary and metastatic lesions, with a low amplification ratio (approximately 2). One patient had amplification in the primary tumor but not in an axillary metastasis. Two patients exhibited slight amplification in the metastatic carcinoma (ratios 1.6 and 2), but not in their primary cancers. This FISH study indicates that amplification of Her-2/neu can emerge de novo in any stage of the disease process, from ADH to metastatic lesions, but most often appears first in ADH or DCIS. The degree of Her-2/neu amplification increases with progression to invasive carcinoma, there being no further increase in synchronous metastasis. Our data suggest that amplification of Her-2/neu appears to be mainly involved in initiation of breast oncogenesis and that its role in progression of breast cancers is uncertain. Her-2/neu, a proto-oncogene located on chromosome 17q, encodes a transmembrane tyrosine kinase with substantial homology to the epidermal growth factor receptor (1, 2). Amplification or overexpression of Her-2/neu has been shown to be an
independent prognostic factor associated with resistance to some forms of adjuvant therapy and sensitivity to others, short disease-free interval, and short survival time in both node-negative and -positive patients (3) (4) (5) (6) . It also is an objective indicator of high histological grade, nuclear atypia, biological aggressiveness of breast cancers, and high metastatic potential (7) (8) (9) . Approximately 10 -34% of invasive breast cancers have overexpressed or amplified Her-2/neu (2, 10) . However, there is uncertainty regarding how Her-2/neu overexpression or amplification develops with evolution of cancer and its progression. Some studies demonstrate that it may start as early as in a benign proliferative lesion such as ductal hyperplasia (DH) or atypical ductal hyperplasia (ADH) (11) (12) (13) , but others argue that amplification emerges only at or after the stage of ductal carcinoma in situ (DCIS) (14 -16) .
Knowing at which stage amplification or overexpression of Her-2/neu occurs is important in understanding the development of breast cancer. Animal and in vitro studies suggest that overexpression of Her-2/neu is a cause rather than a consequence of cancers (17, 18) . Transgenic mice engineered to overexpress the HER-2/neu-erbB-2 proto-oncogene under the control of a mammary-specific promoter develop mammary tumors, and these serve as a model for human breast cancer (19) . However, in humans, some studies have shown opposite results. For example, one study demonstrated that overexpression of p53, not Her-2/neu, increases the risk of progression from benign lesions to tumor in women (20) . A report also suggests that overexpression of Her-2/neu in benign lesions does not increase the risk of development of invasive carcinoma (15) . Thus, the notion that overexpression of Her-2/neu demonstrated by immunohistochemistry (IHC) might be involved in initiation rather than progression of breast oncogenesis is inconclusive and challengeable. Part of the problem is that those studies compared Her-2/neu overexpression detected by IHC among the different lesions in different patients. In addition, almost all the data are obtained by IHC, which has such intrinsic problems as variable sensitivity, loss of antigenicity caused by fixation and storage, difficulty with standardization, and false positivity (3, 21) . Thus, the exact role of this oncoprotein in the etiology and pathogenesis of breast carcinoma remains obscure.
We approached this problem by comparison of amplification of Her-2/neu among the spectrum of diseases (benign, premalignant, malignant, and metastatic carcinomas) in a series of patients with either Her-2/neu-overexpressing or -nonexpressing invasive ductal carcinoma, using fluorescence in situ hybridization (FISH) in paraffin sections from archival material. The patients were selected on the basis of Her-2/neu immunostaining of their invasive primary carcinomas, the presence of proliferative lesions in the vicinity of the invasive cancer, and the presence of metastases. This allowed us to evaluate amplification of Her-2/neu in DH, ADH, DCIS, primary, and metastatic carcinoma in a synchronized fashion by a reproducible and sensitive standardized technique, FISH (3, 22) .
MATERIALS AND METHODS

Patients
Ninety-seven patients who were diagnosed with invasive breast carcinoma at the New York University Medical Center, Tisch Hospital between 1996 and 1999 who had Her-2/neu overexpression in their primary cancers, determined prospectively by IHC (procedure described below), were reviewed. IHC scores of 2ϩ or 3ϩon a scale of 0 to 3ϩ defined overexpression (23, 24) . Twenty-six of these 97 patients with Her-2/neu-overexpressing invasive carcinomas were selected for study based on a review of hematoxylin and eosin-stained (H&E) sections to identify synchronous benign, premalignant, and metastatic lesions suitable for FISH evaluation. Among them, 25 patients had coexisting DCIS, 13 of whom had the full spectrum of DH, ADH, and DCIS in the region of the invasive carcinomas. In addition, 12 patients with invasive carcinoma also had one or multiple synchronous positive axillary lymph nodes.
The patients' ages ranged from 30 to 81 years with a median of 53 years. The tumor size ranged from 0.4 to 9.5 cm (median, 1.5 cm). The majority of tumors (23/26) were pure invasive ductal carcinomas; three had additional lobular, mucinous, or apocrine components. Among the 26 carcinomas, 19 were poorly differentiated, 6 and 2 being moderately and well differentiated, respectively (Table 1) .
Twenty-one patients with Her-2/neu-nonexpressing invasive carcinomas (negative by IHC) were selected for the presence of concurrent metastatic carcinoma in axillary lymph nodes. The patients' ages as well as tumor size were similar to the Her-2/neu-overexpressing group, although there were more low-and intermediate-grade tumors in this group ( Table 2 ). The patients' ages ranged from 30 to 80 years (median, 60 y), and the tumor size varied from 0.8 to 4.5 cm (median, 2.3 cm). The numbers of poorly, moderately, and well-differentiated carcinomas were 11, 5, and 4, respectively. The majority of tumors were invasive ductal carcinomas. However, four had additional lobular, apocrine, tubular, and metaplastic components, and one was a pure medullary carcinoma ( Table 2 ). All tissues had been fixed in 10% formalin for 4 to 12 hours at room temperature, routinely processed, and embedded in paraffin blocks.
Immunohistochemistry
Immunohistochemical evaluation of cell membrane staining for Her-2/neu was performed on 4-m sections of formalin-fixed, paraffin-embedded tissues (20, 25) . The antigenicity of all paraffin-embedded tissues was enhanced by heat-induced antigen retrieval according to manufacturer protocols. A cocktail of two mouse monoclonal antibodies, c-neu (AB-3) clone 3B3 from Oncogene, Inc. (Cambridge, MA) and NCL-CB11 from Novocastra Laboratories (New Castle upon Tyne, UK), was used to maximize the detection power. Final concentrations of c-neu (AB-3) clone 3B3 and NCL-CB11 were 1:200, and 1:40, respectively. Antibody-antigen reactivity was visualized by using 3,3'-diaminobenzidine. All procedures were carried out prospectively in a Ventana NexES (Ventana Medical Systems, Tucson, AZ) automated immunostainer. Scoring was based on the membrane reactivity for antibodies and was similar to that of the DAKO HercepTest, with minor modification. Weak membrane staining was defined as 1ϩ; intermediate or strong membrane staining in Ͼ70% of the tumor cell population, as 2ϩ; and very strong membrane staining in Ͼ70% of the tumor cell population, as 3ϩ. Cytoplasmic staining and weak or no membrane staining was considered to be negative.
Fluorescent In Situ Hybridization FISH was performed based on dual-color interphase analysis by using combined Her-2/neu (rhodamine labeled) and chromosome 17-␣ satellite DNA probes (CEP17, fluorescein labeled) from Vysis (Downers Grove, IL), Inc (26) . The alpha satellite DNA probe for chromosome 17 was included as an internal control for chromosomal aneuploidy because the Her-2/neu gene is located on chromosome 17 (5, 22) . Briefly, two 4-m-thick paraffin sections for each case were prepared. One section was stained with H&E and examined for the lesions of interest. The lesions corresponding to the H&E slide were marked with a diamond-tipped scribe on the duplicate unstained section. The slides were deparaffinized and digested by incubation with proteinase K (25 mg/mL) at 37°C for 10 minutes. Then they were processed as follows: pretreatment, re-fixation with formalin, washing, dehydration, and denaturation at 72°C for 5 minutes. Hybridization with fluorescent-labeled probes was achieved by incubation overnight (16 h) in a humidified 37°C incubator. After hybridization, slides were washed in 0.1ϫ SCC at 72°C for 2 minutes followed by counterstaining with 4, 6 diamidin-2-phenylindoldihydrochloride-antifade. Fluorescence was observed in an Olympus BX60 fluorescence microscope at 1000ϫ magnification with a computerized imaging system (27). At least 50 cells in each histologic lesion and control cells were randomly evaluated for nuclear Her-2/neu amplification. Results were expressed as amplification ratio, the ratio of the number of Her-2/neu to those of CEP17 signals in the same cell. A score of Ͼ1.5 was considered to indicate amplification (22) . Normal ductal epithelia and lymphocytes in the same specimen served as the negative controls. Photographic images were captured with a computer-controlled CCD camera and processed with Vysis, Inc.
Statistical analysis
ANOVA and Student's t tests were applied when appropriate.
RESULTS
Concordance between Immunohistochemical Overexpression and FISH Amplification of Her-2/ neu in Primary Invasive Ductal Carcinomas
The ages and pathological features of 26 patients with Her-2/neu-overexpressing breast cancers are shown in Table 1 . These 26 invasive ductal carcinomas had IHC scores of ϩϩ or ϩϩϩ (Tables 3 and  4) . Amplification of Her-2/neu was observed in the vast majority of cases (22/26) , with amplification ratios ranging from 1.8 to 10.6 (Tables 3 and 4) . Amplification was not seen in two poorly differentiated and one well-differentiated carcinoma (3/ 26), which showed overexpression as judged immunohistochemically (Table 3 ). It appears that the IHC scores correlated quantitatively with amplification ratios (Tables 3 and 4) . Breast tissue from 25 patients with Her-2/neuoverexpressing breast cancers was examined for amplification of Her-2/neu in co-existing benign (DH and ADH) lesions, premalignant (DCIS) lesions, and invasive primary carcinomas in the same specimen. The results are summarized in Table 3 and illustrated in Figure 1 .
There was close concordance of amplification of Her-2/neu between invasive carcinomas and coexisting carcinomas in situ. A rare case (Case 19; Table 3 ) showed discordance, in which amplification was seen in the high-grade invasive but not in the low-grade (cribriform) in situ component. Among three overexpressing but nonamplified invasive carcinomas, none had Her-2/neu amplification in the DCIS (Cases 14 -16; Table 3 ).
In 13 patients with the full spectrum of benign to malignant lesions examined, there was complete concordance between the invasive and in situ components as mentioned above. Interestingly, 7 of these 13 (54%) cases also showed low or moderate amplification of Her-2/neu in ADH. The pattern of distribution of those positive cells in the ducts with ADH is noteworthy. In some cases, positive cells did not completely occupy the entire duct lining but were located at the base with nonamplified cells on the luminal aspect; alternatively, they comprised only a certain percentage of irregularly distributed duct cells. No amplification was noted in any of the coexisting DH lesions.
Another interesting finding was that the amplification ratios were related to the stage of the lesion, with the highest ratio in the invasive component. For 21 cases in which there was concordance between invasive cancers and DCIS, the average am-plification ratio for the invasive component was 6.2, and for the DCIS, it was 5.2. For those 13 cases, having the whole spectrum of benign and malignant lesions, the average amplification ratios for DH, ADH, DCIS, and invasive cancers were 1.0, 4.1, 5.7, and 6.6, respectively (Table 3) . With 2 testing, the differences among DH, ADH, DCIS, and invasive carcinoma are statistically significant (P Ͻ .01, DH versus ADH; P Ͻ .01, ADH versus DCIS; P Ͻ .05, DCIS versus invasive carcinomas). Apparently, there was an upward tendency of amplification with progression of disease.
Ploidy status of the carcinomas is also demonstrated by visualization of Her-2/neu signals directly on the slides. Among 25 overexpressors of Her-2/neu, 5 cases were identified to be aneuploid, with multiple copies of chromosome 17 (numbers ranging from 3 to 6) in both DCIS and invasive carcinomas. However, the ratios of Her-2/neu signals to an alpha satellite in chromosome 17 were 2 to 7.8, indicating that the increase of Her-2/neu copies is caused by amplification of Her-2/neu in addition to the increased copy number of chromosome 17.
Amplification of Her-2/neu in Primary and Synchronous Metastatic Carcinoma in Axillary Lymph Nodes of Patients with Her-2/neu-Overexpressing Primary Invasive Carcinomas
Twelve Her-2/neu-overexpressing carcinomas were selected for comparison of amplification between the primary and synchronous metastases in axillary lymph nodes. Five of 12 patients had multiple positive axillary lymph nodes or multiple foci with different morphology in a single node (multiple lymph node equivalents). In all of these patients, there was concordance of amplification between the primary and metastatic carcinomas.
Amplification was seen in both primary and metastatic carcinomas in 11 of 12 cases, including in 6 cases with multiple positive lymph nodes or equivalents (Table 4 , Fig. 2 ). The one immunohistochemically positive case without amplification in the primary tumor (Case 16; Table 4 ) also did not show amplification in metastatic carcinoma in two lymph nodes examined. There was no difference of amplification between metastatic and primary carcinomas (P Ͼ .05). The data suggest that amplification of Her-2/neu is quite stable once the alteration of the gene has been established in the primary carcinoma, at least in synchronous metastases. Table 2 ) showed amplification of Her-2/neu in both primary and metastatic lesions, with a low amplification ratio (approximately 2).
One patient (Case 19; Table 2 ) had amplification in the primary tumor, but not in a positive lymph node. Amplification of Her-2/neu was observed in only one of two positive axillary lymph nodes in one case (Case 12; Table 2 ). An additional case (Case 13; Table 2 ) showed a low degree of amplification of Her-2/neu in the metastasis (ratios, 1.6) but not in the concurrent primary medullary carcinoma.
DISCUSSION
In our study, amplification and overexpression of Her-2/neu were closely related in 22 of 26 cases of Her-2/neu-overexpressing and in 17 of 21-nonexpressing invasive breast carcinomas (85% and 81% concordance, respectively), as detected by IHC and FISH. This concordance is consistent with other reports (overall concordance rate, approximately 85-97%; 38, 39). The possible causes of discrepancy between the results of FISH and IHC include the lower sensitivity and false positivity of IHC caused by antigen alteration, sampling, and erroneous interpretation. Enhanced expression of Her-2/neu by gene mutation or up-regulation without increased gene copy number is another plausible explanation in a subset of breast cancers (39, 40) . Most of the discrepancy exists among cases with weak expression of protein detected by IHC and low gene amplification revealed by FISH (39) . Low expression (1ϩ positive IHC score) has uncertain prognostic significance and uncertain impact on other clinical parameters (41) and was not addressed in this study. The prognostic effect of overexpression without amplification is also unclear because there is no study to address this issue. Amplification of the gene alone, on the other hand, has more definite negative prognostic impact than does overexpression alone (40) . Furthermore, the tumors showing both Her-2/neu amplification and overexpression exhibit more aggressive biological characteristics than those with only overexpression or immunonegativity (8) . Because there is a small subset of cases with only gene amplification or only protein overexpression, use of either IHC or FISH alone for detection may miss these patients. Thus, the combination of IHC and FISH optimizes selection of patients for anti-Her-2/neu therapy (i.e., Herceptin treatment), and others have shown that it improves prediction of prognosis (42) (43) (44) .
This study has demonstrated that amplification of Her-2/neu starts at the stage of ADH or DCIS. It rarely appears de novo in primary invasive or in metastatic carcinoma. Furthermore, there was an increase of amplification from benign lesion to premalignant lesion to invasive carcinoma in this group of patients. These data support the idea that amplification of Her-2/neu may initiate breast oncogenesis and may be an indicator of transformation from high grade DCIS to invasive cancer, as suggested by others (14) . Amplification of Her-2/neu in breast lesions was previously considered to play a role only in the early stage of tumorigenesis of breast cancers. A recent case control study conducted at the Mayo Clinic has shown that women with benign breast biopsies demonstrating both HER-2/neu amplification and a proliferative histopathologic diagnosis (DH or ADH) may be at substantially increased risk for subsequent breast cancer (12) . Study of amplification or overexpression of Her-2/neu in other cancers, for example, pancreatic carcinoma, has demonstrated that amplification or overexpression is involved in the development and progression of pancreatic cancer (28) . Thus, the results of those studies, together with our findings, suggest that amplification of Her-2/neu is likely implicated in both initiation and progression of breast cancers. Amplification of Her-2/neu was found in the metastases, not in primary lesions in two patients. It appears that de novo amplification can rarely occur at the stage of metastasis, or alternatively, an undetected subset of Her-2/neu amplified primary tumor cells selectively metastasized. It is of interest that loss of Her-2/neu amplification was found in the metastatic carcinoma in one patient. Perhaps a subset of tumor cells that have higher metastatic potential associated with a factor other than Her-2/neu amplification or overexpression selectively metastasized in this patient.
Amplification of Her-2/neu in 7 of 12 ADH cases is quite striking. Acknowledging that boundaries in the definition of ADH vary among pathologists, our data indicate that Her-2/neu amplification can be established at a stage as early as ADH (12, 13 ). An interesting observation in our study was that amplification of Her-2/neu in some cases was not evenly distributed; rather, it was geographically or focally distributed in ADH. These findings suggest that amplification of Her-2/neu in these ducts is a de novo process. Pagetoid spread of DCIS in hyperplastic ducts, however, can produce a similar distribution pattern, because Her-2/neu protein has been shown to be involved in control of motility of tumor cells in an in vitro study (18, 33) . A study of ADH in patients in whom this was the most advanced lesion type would exclude such a possibility. Furthermore, it should be acknowledged that cases of ADH as the most advanced proliferative lesion (an entity that is well characterized both morphologically and epidemiologically) are not equivalent to cases with ADH that coexists with invasive ductal carcinoma. We did not see any amplification in DH, which is consistent with results of several previous studies (11, 12) and in contrast those in to other reports (15, 29) . In those latter reports, Her-2/neu overexpression was moderate or mild and was detected by the IHC method. The relative nonfidelity of IHC and the general problems related to quantitative IHC are two major obstacles in interpreting those results. We did not observe any amplification of Her-2/neu in normal ducts or lobules. However, a group of investigators has demonstrated that the normal-appearing epithelium adjacent to invasive breast cancers showed a low degree of Her-2/neu amplification (10) . Those normal-appearing epithelial cells may be genetically similar to ADH or may be an admixture of normal and pagetoid infiltrating single cancer cells that cannot be recognized morphologically. We further observed that one Her-2/ neu-amplified invasive carcinoma was accompanied by a low-grade, nonamplified cribriform type of DCIS. This may either suggest that the two lesions developed independently or that a small population of cells within the DCIS with Her-2/neu amplification that was below the threshold of our assay or was unsampled selectively progressed into the invasive stage. These data add evidence supporting the hypothesis of multiple pathways to explain breast oncogenesis (14) .
Close concordance between the amplification or overexpression of Her-2/neu in primary and metastatic breast carcinoma has been documented in a few reports (30 -32) and was also observed in this study. This is in contrast to the heterogeneity of DNA ploidy in primary and metastatic carcinomas (32) . Our series included several patients with Her-2/neu-amplified invasive carcinomas who had either multiple positive axillary lymph nodes or multiple foci of metastatic tumor with different morphology in a single node. These morphologically heterogeneous tumor populations also showed heterogeneity of DNA ploidy as detected by FISH. Yet, despite morphological and numerical chromosomal heterogeneity, all cases with amplification of Her-2/neu had similar amplification ratios in both primary and multiple metastatic carcinomas. The mechanism by which Her-2/neu is selectively expressed or amplified in those heterogeneous tumors is unclear, but it may be due to survival advantage of those metastatic tumor cells with amplification or overexpression of Her-2/ neu (18, 33, 34) . In vitro and animal studies have shown that Her-2/neu protein is involved in control of the motility of tumor cells, migration through the extracellular matrix, and secretion of enzymes that degrade basement membrane (18, 33) . This may explain why Her-2/neu amplification is associated with a higher metastatic potential in breast carcinomas mediated either by lymphatic or hematogeneous pathways (33, 35, 36) . As compared with tumors without amplification or overexpression of Her-2/neu, there are increased numbers of involved lymph nodes in the overexpressing cases (37) . Those data indicate that the amplification or overexpression of Her-2/neu is quite stable through metastasis once it is established. This information may be important for management decisions in recurrent or metastatic cancers in determining whether anti-Her-2/neu therapy is applicable or necessary.
